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Abstract

Angiopoietin (Angpt)-1 and angpt-2 are circulating proteins first ascribed opposing roles in
embryonic angiogenesis. Both bind the Tie-2 receptor on endothelial cells, but angpt-1 is a Tie-2
agonist, whereas angpt-2 antagonizes Tie-2 signaling. In the developed vasculature, angpt-1 protects
against vascular leak, while angpt-2 promotes increased vascular permeability. Since alterations in
vascular permeability are common in septic shock, we obtained plasma from critically ill children
within 24 h of diagnosis of the systemic inflammatory response syndrome (SIRS, n=20), sepsis
(n=20), or septic shock (n=61), as well as 15 healthy controls. Plasma levels of angpt-1 and angpt-2
were measured via a commercially available ELISA. Plasma angpt-2 levels were significantly
elevated in children with septic shock when compared to healthy children, as well as critically ill
children with either SIRS or sepsis, and circulating angpt-2 levels appeared to correlate with disease
severity and outcome. In addition, plasma angpt-1 levels were significantly decreased in critically
ill children with septic shock compared to critically ill children with either SIRS or sepsis. Given the
contrasting effects of angpt-2 and angpt-1 on the vascular endothelium, these two factors may play
an importantrole in the pathophysiology of septic shock in children, and further studies are warranted.

Introduction

Sepsis and its related syndromes account for significant morbidity and mortality in critically
ill patients. Sepsis is the 10t leading cause of death overall and accounts for nearly $17 billion
in annual health care expenditures in the United States alone (1-3). Sepsis remains a significant
health problem in children as well, accounting for nearly 4,500 deaths and close to $2 billion
per year in healthcare expenditures nationwide (4). Shock and subsequent multiple organ
dysfunction remain significant risk factors for mortality in these patients (5). For example,
multiple organ dysfunction syndrome (MODS) is associated with a mortality rate between 30
to 50% in children with septic shock (6-8).
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Septic shock is characterized by a systemic inflammatory response which is accompanied by
fever, hypotension, and impaired tissue perfusion and oxygen delivery. The classic
cardiovascular response to septic shock is a profound decrease in systemic vascular resistance
accompanied by resistance to both endogenous and exogenous vasoactive agents (i.e.,
vasoplegia). Loss of the normal capillary integrity leading to a net extravasation of fluid out
of the vascular space and into the tissues is an important feature as well. Septic shock is
therefore characterized by fundamental alterations in the intrinsic function of the
microcirculation, which ultimately play an important role in the pathogenesis of MODS and
subsequent morbidity and mortality (9-11).

Capillary integrity is tightly regulated and appears to reflect a balance between (i) contractile
forces between endothelial cells (EC) that create intercellular gaps and (ii) the adhesive forces
between these EC that restrict the formation of these intercellular gaps. An increase in
contractile force within EC via phosphorylation of the myosin light chain (MLC) is associated
with increased capillary permeability (12,13). Recently, the circulating vascular growth factor,
angiopoetin-2 (angpt-2) was shown to increase capillary permeability via MLC
phosphorylation in cultured human microvascular endothelial cells (HMVEC) (14).
Collectively, the angiopoietins are a family of endogenously derived vascular growth factors
which are necessary for embryonic and postnatal blood vessel formation and stabilization. Two
members of the angiopoietin family have been well characterized in humans, namely
angiopoietin-1 (angpt-1) and angpt-2, both of which appear to act on the Tie2 (tyrosine kinase
with immunoglobulin-like loop and epidermal growth factor homology domains) receptor
tyrosine kinase found primarily on EC. Despite both binding the same receptor with equal
affinity, angpt-1 and angpt-2 appear to act as an agonist/antagonist pair under most conditions.
For example, angpt-1 activates the Tie-2 receptor complex on vascular endothelial cells and
appears to promote vessel stability, decrease adhesion molecule expression, and promote
endothelial cell survival (15-18), while angpt-2 initially blocks the Tie-2 receptor and
destabilizes blood vessels, increases adhesion molecule expression, and potentiates
inflammation (15,19,20). However, angpt-2 has also been shown to act as a partial Tie-2 agonist
under certain conditions (21).

Elevated plasma levels of angpt-2 and soluble Tie-2 receptor have been noted in adults with
congestive heart failure (22). Parikh et al (14) recently showed that plasma angpt-2 levels were
significantly elevated in adults with sepsis-induced acute lung injury, and this elevation
contributed to endothelial injury in human microvascular endothelial cells (HMVEC) ex
vivo. Plasma angpt-2 levels also correlated with worsening indices of lung function.
Importantly, recombinant angpt-1 reversed these effects in HMVEC ex vivo (14). Collectively,
these data suggest that the angpt-2/Tie-2 receptor complex may be an important target in
patients with septic shock and MODS. Pre-formed angpt-2 can be released from ECs stimulated
by inflammatory ligands, such as TNF-a (23). As such, angpt-2 may serve as an important
biomarker of endothelial injury in this population. Accordingly, we hypothesized that critically
ill children with septic shock would express high levels of circulating angpt-2 when compared
to healthy controls.

Patient selection

We conducted a prospective analysis of plasma samples obtained following informed consent
with approval from the Institutional Review Boards at Children’s Hospital of Pittsburgh and
Cincinnati Children’s Hospital Medical Center. Samples were collected within the first 24
hours of admission to the pediatric intensive care unit (PICU). Plasma samples were analyzed
prospectively such that the investigators were blinded to all demographic information and
annotated clinical data at the time of sample selection. SIRS, sepsis, and septic shock were
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diagnosed according to the definitions of the American College of Chest Physicians/Society
of Critical Care Medicine (24) modified specifically for pediatrics (25).

Each patient was assigned an Organ Failure Index (OFI) score upon admission to the PICU as
previously described by Doughty et al (26). Organ failure was scored according to the following
criteria: cardiovascular failure, mean arterial blood pressure < 5™ percentile for age or
requirement for vasopressors or inotropes after appropriate volume resuscitation (excluding
dopamine <5 pg/kg/min); pulmonary failure, PaO,/FiO, < 300 and requirement for mechanical
ventilation; renal failure, urine output < 1 mL/kg/hr for > 8 hrs in children < 30 kg, or plasma
creatinine > 1.0 mg/dL (> 88 umol/L); hematologic failure, prothrombin time and partial
thromboplastin time > 1.5 x normal for age, and platelet count < 100,000 x 103 thrombocytes/
mm3; hepatic failure, alanine aminotransferase and aspartate aminotransferase > 100 units/L
and total plasma bilirubin > 1.0 mg/dL (> 17 umol/L); central nervous system failure, Glasgow
Coma Scale < 12 in the absence of sedation. Organ failure was defined as meeting all criteria
for organ dysfunction using the most abnormal values for the first 24 hours of admission to
the PICU. One point was given for each failed organ, for a total possible score of 6.

As a control, plasma samples from otherwise healthy children undergoing elective surgical
procedures were analyzed prospectively with approval from the Cincinnati Children’s Hospital
Medical Center IRB. Blood samples from children in the control group were obtained during
the pre-operative visit or immediately prior to surgery. For each group, samples were collected
in tubes containing sodium citrate and were centrifuged immediately at 4,000 rpm x 10 minutes
in order to separate plasma from the cellular components. Samples were stored in 50 uL aliquots
in order to avoid multiple freeze-thaw cycles at —70 °C until later analysis.

Enzyme-linked immunosorbent assay (ELISA)

Angpt-1 and angpt-2 levels were measured using commercially available ELISA assay kits
(Quantikine Human Angiopoietin-1 Immunoassay and Quantikine Human Angiopoietin-2
Immunoassay, respectively; R&D Systems, Inc., Minneapolis, MN) using the manufacturer’s
protocol.

Statistical analysis

Results

Plasma angpt-1 and angpt-2 levels are expressed as median, interquartile range due the
nonparametric nature of the data. Nonparametric tests (Mann-Whitney, Wilcoxon signed rank,
Spearman) were used for comparison of groups and correlation analyses as indicated with
Bonferroni correction for multiple analyses. A p value less than or equal to 0.05 was considered
statistically significant.

Plasma samples from critically ill children with SIRS (n=20), sepsis (n=20), or septic shock
(n=61) were analyzed (Table 1). In addition, control samples were obtained from fifteen
otherwise healthy, non-critically ill children undergoing elective surgical procedures (median
age, 32 months). Blood cultures were positive in 34 children in the septic shock group (55%)
(n=17 gram-positive bacteria, n=15 gram-negative bacteria, and 3 fungal), eight children had
positive viral serologies, and infection was clinically suspected in the remaining children with
negative blood cultures (n=19). Blood cultures were positive in 15 children in the sepsis group
(75%) (n=10 gram-positive bacteria, n=4 gram-negative bacteria), 2 children had positive viral
serologies, and infection was clinically suspected in the remaining children with negative blood
cultures (n=4). The majority of the children in the septic shock group (n=33 or 54%) had chronic
illnesses as predisposing factors. For example, 17 children were solid organ transplant
recipients, 5 children had undergone hematopoietic stem cell transplant, 7 children had
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underlying malignancies, and 20 children were receiving corticosteroids at the time of
enrollment. Twelve children had neutropenia (defined as an absolute neutrophil count <1,000
cells/mm3). Thirty-two children were thrombocytopenic (platelet count < 100,000 cells/
mm3). Ten children did not survive (mortality rate 16%). Our cohort was therefore
representative of previously published series involving children with septic shock and multiple
organ dysfunction syndrome (MODS) (4,7,27).

Plasma angpt-1 levels upon admission to the PICU were not significantly different in children
with septic shock (median, 15 pg/ml, IQR 15-349 pg/ml) compared to healthy children
(median, 285 pg/ml, IQR 15-705 pg/ml; p=NS). However, there was a significant difference
in angpt-1 levels in children with SIRS (median, 13,758 pg/mL, IQR 10,198-14,843 pg/mL)
compared to both healthy controls and children with septic shock. Similarly, angpt-1 levels
were significantly increased in children with sepsis (median, 13,798 pg/mL, IQR 11,197-
14,504 pg/mL) compared to both healthy controls and children with septic shock (Figure 1).
The difference between children with SIRS and children with sepsis, however, was not
significant. Nor were the plasma angpt-1 levels different between those children with septic
shock who survived (median, 15 pg/mL, IQR 15-338 pg/mL) compared to those children who
did not survive (median, 60 pg/mL, IQR 15-420 pg/mL, p=NS). Finally, because the presence
of chronic illness may have adverse effects on the vascular endothelium, we compared plasma
angpt-1 levels in critically ill children with septic shock with chronic illness as a predisposing
factor. Plasma anpt-1 levels were not significantly different between these two groups (chronic
illness: median 15 pg/mL, IQR 15-259 pg/mL; no chronic illness: median 15 pg/mL, IQR 15—
383 pg/mL; p=0.8).

In contrast, plasma angpt-2 levels upon admission to the PICU were significantly increased in
children with septic shock (median, 12,400 pg/mL, IQR 3742-20,843 pg/ml) compared to
healthy children (median, 1,010 pg/ml, IQR 958-1,092 pg/mL; p<0.001), children with SIRS
(median, 3411 pg/mL, IQR 2536-4626 pg/mL; p<0.05), and children with sepsis (median,
3814 pg/mL, IQR 2688-4693 pg/mL; p<0.05) (Figure 2). Plasma angpt-2 levels were
significantly increased in children with SIRS or sepsis compared to healthy children, though
the difference between children with SIRS and children with sepsis was not significant. There
was no significant difference in plasma angpt-2 levels in males compared to females, (10,825
pg/mL vs 6170 pg/mL, p=NS), and there was no correlation between plasma angpt-2 levels
and age (r= —0.052, p=NS). Plasma angpt-2 correlated positively with OFI on day 1 (r=0.42,
p<0.001). While there was a trend in the difference between plasma angpt-2 levels upon
admission to the PICU in non-survivors (median, 24,123 pg/mL, IQR 9565-33,175 pg/mL)
compared to survivors (median, 10,850 pg/mL, IQR 3490-19,720 pg/mL), the difference was
not statistically significant (p=0.06) (Figure 3). Furthermore, while the plasma angpt-2 levels
tended to be higher in critically ill children with septic shock who had chronic illness as a
predisposing factor (median 13,175 pg/mL, IQR 7194-33156 pg/mL) compared to those
without chronic illness as a predisposing factor (median 9425 pg/mL, IQR 3380-17238 pg/
mL), the difference was not significant (p=0.06).

Because of opposing effects at the Tie-2 receptor, it is possible that the ratio of angpt-2/angpt-1
is more important in the regulation of capillary permeability. We determined that the ratio
between angpt-2 and angpt-1 ratio was significantly greater in children with septic shock
(median, 243, IQR 44-957; p<0.001) compared to healthy children (median 4, IQR 2-63),
critically ill children with SIRS (median 0.3, IQR 0.1-0.3; p<0.05), and critically ill children
with sepsis (median 0.3, IQR 0.2-0.3; p<0.05) (Figure 4). The angpt-2/angpt-1 ratio was
significantly decreased in critically ill children with SIRS or sepsis compared to healthy
controls. However, there was no significant difference in the ratio between survivors with septic
shock (median, 229, IQR 28-1034) and non-survivors with septic shock (median, 348, IQR
50-553; p=NS). Finally, there were no significant differences in the angpt-2/angpt-1 ration in
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those critically ill children with septic shock with chronic illness as a predisposing factor
(median 261, IQR 44-1175) compared to those without chronic illness (median 221, IQR 41—
795).

Discussion

Pediatric septic shock and related syndromes continue to account for substantial morbidity and
mortality in the United States each year with an estimated 0.56 cases per 1,000 population per
year (4). Approximately 10% of children diagnosed with septic shock will die (4). Multiple
organ failure remains a significant risk factor for morbidity and mortality in these children
(5-8). Recent attention has focused on the alterations in the intrinsic function of the
microcirculation in sepsis and MODS (9-11). For example, several studies have suggested that
vascular endothelial growth factor (VEGF) plays an important role in the pathophysiology of
capillary leak and associated hypotension that is characteristic of septic shock and MODS
(28-32).

The angiopoietin family of endogenously derived angiogenic factors may play a similar role
in the pathophysiology of capillary leak. For example, plasma angpt-2 levels are significantly
elevated in adults with sepsis-induced acute lung injury and appear to correlate with worsening
indices of lung function (14). Bhandari et al recently showed that angpt-2 mediates pulmonary
capillary leak associated with hyperoxic lung injury (19). Angpt-2 may further exacerbate
inflammation and capillary leak through its pro-inflammatory and chemotactic effects (20,
33,34). In contrast, angpt-1 may have anti-inflammatory and other stabilizing effects on the
microcirculation (14,18,35-37).

Herein we show that plasma angpt-2 levels are significantly elevated in children with septic
shock compared to healthy children, critically ill children with SIRS, and critically ill children
with sepsis. Plasma angpt-2 levels correlated with OFI on the first day of admission to the
PICU, with a trend towards increasing mortality. Recently, Orfanos et al (38) measured serum
angpt-2 levels in adults with severe sepsis and noted a positive linear relationship between
angpt-2 and other proinflammatory cytokines. In this study, serum angpt-2 levels correlated
with increasing disease severity, as measured by APACHE and SOFA scores, though no
correlation between angpt-2 and mortality was observed.

In our study, there were no significant differences in plasma angpt-1 levels in children with
septic shock compared to healthy controls. It is interesting to note, however, that plasma
angpt-1 levels were significantly increased in critically ill children with both SIRS and sepsis.
In the two aforementioned studies (14,38), plasma angpt-1 was not measured. However, Chong
et al. (22) recently noted elevated plasma angpt-2 levels in adults with congestive heart failure
(CHF). In these patients, plasma angpt-1 levels were not significantly different compared to
healthy controls. These investigators further surmised that a “relative deficiency” of angpt-1
levels was at least partially responsible for the degree of vascular endothelial injury in these
patients (22). It is tempting to speculate that septic shock results in a more severe degree of
injury to the vascular endothelium, leading to a relative deficiency of the protective
angiogenesis factor, angpt-1. The ratio between these two contrasting angiogenesis factors may
therefore be more important in determining the fate of vascular endothelial cells rather than
the absolute angpt-1 and angpt-2 levels (37). The significant increase in angpt-2/angpt-1 ratios
in critically ill children with septic shock compared to critically ill children with SIRS or sepsis
supports this line of reasoning. It is interesting to note further that a recent report suggest that
cell-based angpt-1 therapy counteracts the vascular inflammation and pulmonary vascular leak
inarat model of experimental acute lung injury (39). Collectively, these data suggest a potential
role for angpt-1 therapy in critically ill patients with septic shock.
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Several limitations to our experimental approach deserve mention. Given the preliminary
nature of our study, we chose to examine a relatively small sample of children with SIRS,
sepsis, or septic shock with a relatively limited clinical data set. As such, we only measured
plasma angpt-1 and angpt-2 concentrations on the first day of hospitalization in the PICU.
Further study will be required to assess whether angpt-1 and angpt-2 levels fluctuate over time
and to examine associations with other inflammatory mediators and vascular growth factors
during septic shock. In addition, the relatively small number of non-survivors in the current
cohort may have prohibited us from being able to discern differences in these angiogenesis
factors between survivors and non-survivors. All of these questions remain an active focus in
our laboratory, and we are currently planning a larger clinical trial to address these questions.

In conclusion, we show that plasma angpt-2 levels are significantly elevated in children with
septic shock when compared to healthy children, as well as critically ill children with either
SIRS or sepsis. In addition, plasma angpt-1 levels are significantly decreased in critically ill
children with septic shock compared to critically ill children with either SIRS or sepsis. With
the previously described role angpt-2 plays in the vascular remodeling process, elevated levels
seen in septic children may account for some of the capillary leak phenomena seen in these
patients. Further studies are necessary to better define the role of these angiopoietins in the
pathophysiology of sepsis.
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Figure 1. Box and whisker plot of plasma angpt-1 levels in healthy children (n=15) versus critically
ill children with SIRS (n=20), sepsis (n=20), and septic shock (n=61)

Plasma was obtained within 24 h of diagnosis of SIRS, sepsis, or septic shock. Plasma from
the healthy children was obtained during the pre-operative evaluation. * p<0.05 compared to
healthy controls; # p<0.05 compared to septic shock.
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Figure 2. Box and whisker plot of plasma angpt-2 levels in healthy children (n=15) versus critically
ill children with SIRS (n=20), sepsis (n=20), and septic shock (n=61)

Plasma was obtained within 24 h of diagnosis of SIRS, sepsis, or septic shock. Plasma from
the healthy children was obtained during the pre-operative evaluation. * p<0.05 compared to
healthy controls; # p<0.05 compared to SIRS and sepsis.
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Figure 3. Box and whisker plot of plasma angpt-2 levels upon admission to the PICU in survivors
VS non-survivors with septic shock
Angpt-2 levels were higher in non-survivors (n=10) compared to survivors, though the

difference was not significant (24122 pg/mL vs. 10850 pg/mL, p=0.058).

Shock. Author manuscript; available in PMC 2009 September 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Giuliano et al.

3500 -

3000 -

2500 -

2000 ~

1500 -

1000 -

Plasma Angpt-2/Angpt-1 Ratio

500 -

| el

Page 12

‘k,#

Control

* *
+* —— .
SIRS Sepsis  Septic Shock

Figure 4. Box and whisker plot of plasma angpt-2/angpt-1 ratios in healthy children (n=15) versus
critically ill children with SIRS (n=20), sepsis (n=20), and septic shock (n=61)

Plasma was obtained within 24 h of diagnosis of SIRS, sepsis, or septic shock. Plasma from
the healthy children was obtained during the pre-operative evaluation. * p<0.05 compared to
healthy controls. # p<0.05 compared to SIRS and sepsis.
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Table 1
HEALTHY CONTROL | SIRS | SEPSIS | SEPTIC SHOCK
Age, months 32 67 24 39
(median, IQR) (10-100) (24-94) | (12-83) (11-112)
Gender (M:F) 9:6 13:7 9:11 30:31
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